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Abstract: The initial two-dose vaccine series and subsequent booster vaccine doses have been effective
in modulating SARS-CoV-2 disease severity and death but do not completely prevent infection. The
correlates of infection despite vaccination continue to be under investigation. In this prospective
decentralized study (n = 1286) comparing antibody responses in an older- (≥70 years) to a younger-
aged cohort (aged 30–50 years), we explored the correlates of breakthrough infection in 983 eligible
subjects. Participants self-reported data on initial vaccine series, subsequent booster doses and
COVID-19 infections in an online portal and provided self-collected dried blood spots for antibody
testing by ELISA. Multivariable survival analysis explored the correlates of breakthrough infection.
An association between higher antibody levels and protection from breakthrough infection observed
during the Delta and Omicron BA.1/2 waves of infection no longer existed during the Omicron
BA.4/5 wave. The older-aged cohort was less likely to have a breakthrough infection at all time-points.
Receipt of an original/Omicron vaccine and the presence of hybrid immunity were associated with
protection of infection during the later Omicron BA.4/5 and XBB waves. We were unable to determine
a threshold antibody to define protection from infection or to guide vaccine booster schedules.
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1. Introduction

The mRNA COVID vaccines have demonstrated excellent efficacies against severe
infection and death from the SARS-CoV-2 ancestral (Wuhan) strain [1–5]. Natural infection
is partly protective against re-infection [6–8]. To date, the degree of protection that anti-
bodies conferred by COVID-19 vaccines and/or natural infection against re-infection or
transmission, especially with emerging variants [9,10], cannot be quantified. Investigations
consider vaccine-induced antibody titers as a marker of immune protection from infection
or severe COVID-19 illness [11–13] but no antibody threshold at which to recommend
booster dosing after the primary vaccine series has been determined [14]. Some studies
report threshold antibody levels required for 50 or 70% protection against the ancestral
and early SARS CoV-2 variant strains but note that the risk of infection changes gradually
with the antibody titers [15–18]. The World Health Organization (WHO) has established
standardized units for antibodies against SARS-CoV-2 (BAU/mL; binding assay); however,
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reported titers may be affected by the assays used, the vaccinated populations studied and
the prevalent viral variant strains [16], making comparisons between studies difficult.

Population-based studies show waning vaccine effectiveness with time and lower
activity against the emergent SARS-CoV-2 variant strains [6,11,19–22]. Breakthrough in-
fection rates are rising. The proportion of the population infected with COVID-19 has
increased and, in Canada, is approaching 80% [23]. However, the vaccines have modulated
disease such that the rates of hospitalization and death have decreased [20,21,24].

In response, bivalent vaccines were developed and recommended for subsequent
booster doses [25–27]. Cohort studies have shown increased neutralizing antibody re-
sponses to bivalent vaccines relative to boosters with the original vaccine brands against
both the ancestral strain and SARS-CoV-2 variants [28–30]. Population-based studies using
test-negative case–control designs have shown increased vaccine effectiveness in prevent-
ing hospitalization and symptomatic infection due to SARS-CoV-2 variants with bivalent
booster dosing in multiple geographic settings [25,31–36].

The STOPCoV study is an ongoing decentralized longitudinal study aimed to compare
COVID-19 antibody levels in those aged ≥ 70 years relative to a cohort aged 30–50 years [37].
In this analysis, we aimed to assess the predictors of breakthrough SARS-CoV-2 infection
in this well-characterized and highly vaccinated population.

2. Methods and Materials

The main STOPCoV study with complete methods has been published [37], with the
full protocol available on the study website www.stopcov.ca, accessed on 20 December 2023.
The trial is registered on Clinicaltrials.gov; identifier NCT05208983. In brief, STOPCoV is
a decentralized, non-randomized, longitudinal, observational, prospective cohort study
initially planned to follow participants for 48 weeks after an initial two-dose COVID-19
vaccine series with an optional study extension continued as a 96-week follow-up.

2.1. Recruitment

Following permission from the Ontario Ministry of Health, email introductions to the
study were sent to persons who consented to be contacted for research at the time of COVID-
19 vaccine administration. Similar email introductions were sent to members of the Ontario
Canadian Association of retired persons (www.carp.ca, accessed on 20 January 2023) to
increase capture of the older cohort. After confirmation of eligibility, participants enrolled
through the study website, completed online health and demographic questionnaires and
collected and submitted dried blood spots (DBSs) for antibody analysis [38]. We herein
report results up to 96 weeks post the second vaccine dose (index date).

2.2. Inclusion Criteria

Two cohorts were enrolled: those between 30 and 50 years and those aged over 70 years,
with planned over-representation of the older cohort. They were required to have received
COVID-19 vaccine through an Ontario Distribution center. The only other exclusion
criterion was an inability to understand study tasks and complete study documents in
English or an inability to use an electronic device.

2.3. Consent

Agreement to participate in the initial and extended study, including authorization to
share core data elements with the Canadian Immunity Task Force (funding agency), was
obtained through e-consent. The University Health Network (UHN) Ethics Review Board
Committee approved all study and consent processes and documents. Participants who
e-consented were provided a personal identification (ID) number and created a password
to enable communication with study staff, data collection and results reporting through
their individual portal on the study website. Written and electronic schedules for required
study activities were provided along with regular email reminders.

http://www.stopcov.ca
http://www.carp.ca
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2.4. Study Population

The flow chart for the cohort is displayed in Figure 1. Between May 17 and July 31,
2021, 1286 persons (911 in the older cohort and 375 in the younger cohort) self-recruited
to the main study. We excluded the following from this analysis: 2 participants who did
not meet eligibility criteria, 79 who withdrew consent prior to the completion of any study
activities and 1 who did not provide baseline demographic data, leaving 1204 (93.7%)
continuing in the cohort. For this analysis, we defined the index date as the date of receipt
of the second vaccine dose of the initial two-dose COVID-19 vaccine series. We included
the 1022 participants who submitted at least one DBS after the index date and had not
reported or had evidence of a COVID-19 infection before the index date.
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For the analysis of the first breakthrough COVID-19 infection, we defined cases as
participants who had at least one vaccine antibody value available at least one month
after the second vaccine dose. A SARS-CoV-2 (COVID-19) infection was determined
either by self-report of a positive polymerase chain reaction (PCR) or rapid antigen test
(RAT) for COVID-19 or a positive NP (nucleoprotein) antibody level above the threshold on
laboratory testing. The infection date was recorded as the first positive of either of the above.
We excluded those reporting a possible COVID-19 infection on the basis of symptoms only.
For the assessment of hybrid immunity (natural plus vaccine immunity), we determined a
second breakthrough infection as the self-report of a new positive polymerase chain reaction
(PCR) or rapid antigen test (RAT) for COVID-19 or a second positive NP (nucleoprotein)
antibody level increasing above threshold (having decreased below that level after the first
infection) on testing after 26 September 2022. Participants without a breakthrough infection
during the 96-week follow-up required at least one antibody value available one month
after the second vaccine dose to be included.

2.5. Outcome of Breakthrough Infection

For the analysis of SARS-CoV-2 breakthrough infections, the pre-identified predictors
were assessed separately during the COVID-19 variant waves. The time intervals for the
waves were allocated according to the peak infection periods in Ontario as indicated in
Table 1.

Table 1. Peak COVID-19 infection variant wave periods in Ontario.

COVID-19 Variant Infection Wave Calendar Time Interval

Delta 1 August 2021–14 December 2021

Omicron BA.1 15 December 2021–28 February 2022

Omicron BA.2 22 March 2022–18 June 2022

Omicron BA.4/5 19 June 2022–25 March 2023

Omicron XBB 26 March 2023–present

2.6. Exposures

We included the participant’s baseline characteristics, vaccination status and RBD
(receptor binding domain) IgG antibody levels in BAU/mL derived from the dried blood
spots (DBSs).

2.7. Demographic Characteristics and Questionnaires

Baseline demographic, racial background and comorbidity health data were recorded
by participants in their portal on the study website. They recorded the initial vaccine
series administration dates and brands. Monthly email prompts reminded participants
to complete online updates of any COVID-19 vaccine booster doses and dates with a
dropdown list to indicate the brands. They were also asked to report any interval COVID-
19 infections, date of onset and need for medical attention or hospitalization. Data were
collected using the REDCap electronic data capture tool (version 13.1.28-© 2023 Vanderbilt
University) hosted at the University Health Network and transferred and recorded in a
specifically designed administrative section of the study; website www.stopcov.ca, accessed
on 20 December 2023.

2.8. Bivalent Vaccination

In Canada, Spivax bivalent Original/Omicron BA.1 (Moderna, Laval, QC, Canada)
was authorized on 26 September 2022, Comirnaty Original/Omicron BA.4/5 (Pfizer-
BioNTech, Mainz, Germany) on 7 October 2022 and Spikevax bivalent Original/BA.4/5
(Moderna-NIAID, Rockville, MD, USA) on 3 November 2022. We defined bivalent booster

http://www.stopcov.ca
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vaccination as vaccination after 26 September 2022. The whole virion-inactivated COVID-19
vaccines (Spikevax XBB.1.5) were not available during the study period.

2.9. Sample Collection for Antibody Testing

Instructions for self-collection of DBS (by finger prick on Whatman 903 cards) and
methods used to return specimens to the research unit were available in writing and in
an online website video. Study staff were available for assistance by telephone or email.
All necessary supplies and prepaid postage return envelopes were provided. Specimens
were solicited two weeks after the second vaccine dose and then every 12 weeks within
a window of ±3 weeks. In addition, we requested samples 3–4 weeks after the first two
vaccine boosters [39].

2.10. Serological Assays, Interpretation and Recording

The DBS cards were checked for quality upon receipt, the dates and barcodes were
recorded in the RED Cap database and samples were then transferred to the Lunenfeld-
Tanenbaum Research Institute (LTRI) at Sinai Health for testing (Sinai REB study 21-0112-E).
Previously validated enzyme-linked immunosorbent assays (ELISAs) for detecting anti-
bodies (IgG) against the spike trimer, its receptor binding domain (RBD) and nucleocapsid
proteins (NPs) [38,40] were employed at two sample dilutions. Luminescence values were
normalized to a synthetic standard (relative ratios) for conversion to BAU/mL, which
were then used to assign seropositivity thresholds (set at 99% specificity) as previously
reported [37]. Monitoring anti-nucleocapsid antibodies enabled identification of possi-
ble new or re-infections (vaccines in Canada during the study period are based on spike
antigen only).

2.11. Statistical Analysis

Baseline characteristics were stratified by the occurrence of a first breakthrough infec-
tion or not during follow-up and compared using chi-squared test, Fisher’s exact test or
the Student’s t-test, as appropriate. The index date was defined as the date of the second
vaccine dose and the follow-up period was up to 96 weeks after the index date. Cumulative
incidence function curves were determined for the time to the first breakthrough infection
stratified by age group. RBD (receptor binding domain) antibody values within one month
of the second dose vaccine or one month prior to a breakthrough were excluded.

To examine the association between the risk of breakthrough infection and predictor
variables, Cox proportional hazard regression models with time-dependent covariates were
fitted. In order to investigate the time evolution of breakthrough infection, two different
analyses were performed; see Table 2.

Table 2. Settings of Cox regression analyses for index date and 26 September 2022.

Components Cox Regression after Index Date Cox Regression after 26 September 2022

Outcome The first breakthrough after index date during
96-week follow-up period

The first breakthrough infection after 26 September
2022 up to 96 weeks after the index date.

Follow-up date

Infected: the first breakthrough infection date
during the 96-week follow-up after the index date.
Non-infected: Three weeks after the last RBD date

up to 96 weeks after the index date.

Infected: the first breakthrough infection date after 26
September 2022 up to 96 weeks after the index date.

Non-infected: three weeks after the last RBD date up
to 96 weeks after the index date.

Risk set 983 participants. 776 participants; participants with follow-up dates
before 26 September 2022 are excluded.

Exposures RBD values during the 96-week follow-up and the
first two vaccine brands.

RBD values during the 96-week follow-up, the first
two vaccine brands, receipt of bivalent booster after 26

September 2022 and hybrid infection before 26
September 2022.

RBD—receptor binding domain.
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The first analysis (Model 1) used the time of first breakthrough infection from the index
date (which occurred between May 26 and 16 September 2021) as the outcome, while the
second analysis (Model 2) used the time of first breakthrough infection after 26 September
2022 as the outcome. The models also differed in terms of the risk set and the exposures.
In Model 1, participants were followed from the index date until either their first break-
through infection, three weeks after their final RBD collection date or 96 weeks—whichever
occurred first. The latter two scenarios were considered as censoring events. In Model 2,
participants were followed from 26 September 2022 until either a breakthrough infection,
three weeks after their final RBD collection date after 26 September 2022 or 96 weeks after
the index date—whichever occurred first. The latter two scenarios were considered as cen-
soring events. By design, the risk set at time zero for Model 1 contained all 983 participants
who received their initial two doses of any SARS-CoV-2 vaccine; in contrast, the risk set at
time zero for Model 2 was restricted to the 776 participants who had any follow-up data
available after 26 September 2022. For both models, time-dependent covariates selected a
priori included log-transformed RBD antibody levels. Given the strong correlation between
the number of vaccine doses and the antibody levels, the latter could not be included in the
models. For both models, fixed covariates included age group (30–50 years, 70+ years), sex
(male, female), Caucasian ethnicity, comorbidity (presence of diabetes, respiratory disease,
cardiovascular disease, transplant/immunosuppression or cancer), current smoking status
and initial two-dose vaccine brand (two Moderna (mRNA-1273) vs. other). However, in
Model 2, we included a confirmed history of COVID-19 infection prior to 26 September
2022 and receipt of an original/Omicron booster after 26 September 2022 as additional fixed
covariates. Univariable and multivariable models were constructed, and tests of the propor-
tional assumptions were performed. An α-level of 0.05 was used for statistical hypothesis
tests. Analyses were performed using R software (4.2.2) and the survival package.

For Model 1, a sensitivity analysis was performed that considered first breakthrough
infection occurring in either the Delta + Omicron BA.1/2 waves or the Omicron BA.4/5 +
XBB waves. For the former, participants who did not experience a breakthrough infection
were censored at the end of the wave. For the latter, participants who experienced an
infection or were censored prior to the start of the wave were removed from the risk set.

2.12. Data Access

As part of a standard sharing agreement with the Public Health Agency of Canada,
the relevant anonymized data together with a dictionary defining each variable have been
transferred to the Canadian COVID-19 Immunity Task Force (CITF) and stored at McGill
University. Access by any external researchers requires submission of a request evaluated by
a CITF checklist to ensure conformity to the privacy and ethical protocols and compliance
with Canadian law and research ethics, which is then forwarded for consideration for
approval by the Data Access Committee.

3. Results

Overall, 1286 participants signed the e-consent for the original study, 2 did not meet
the eligibility criteria, 1 did not submit baseline data and 79 failed to complete any study
activities. Among 1204 eligible participants, the following were excluded from this analysis:
72 participants who reported that they suspected that they had COVID-19 infection before
receiving a second dose of vaccine, an additional 17 participants who did not report a
COVID-19 infection but showed a positive anti-nucleocapsid antibody indicating natural
infection prior to the second vaccine dose and 20 participants who did not complete the
initial two vaccine series. Of the remaining, 1022 participants had at least one antibody
level available. Nine hundred and eighty-three had at least one antibody value between
one month after the second dose and one month before the breakthrough infection or at
least one antibody value one month after the second vaccine dose. The final cohort for this
analysis is 983 participants as illustrated in Figure 1.



Vaccines 2024, 12, 36 7 of 21

The demographics and vaccination status of the population in this analysis are dis-
played in Table 3. Of 983 participants, 765 (74.8%) were older than 70 years old, 631 were
(64.2%) female, 872 (88.7%) Caucasian, 38 (3.9%) current smokers, 237 (24.1%) classified
as obese (body mass index ≥ 30), 106 (10.8%) had diabetes, 115 (11.7%) respiratory dis-
eases, 159 (16.2%) cancer, 357 (36.3%) cardiovascular disease and 42 (4.3%) with transplant
or immunosuppression.

Overall, 310 (31.5%) participants received at least one mRNA-1273 (Moderna) vaccine
dose in the initial two-dose series. The number and timing of vaccine boosters was guided
by the public health recommendations. For the younger cohort, n = 30 (12%) participants,
81 (33%), 90 (36%), 41 (16.5%) and 6 (2.4%) received 0, 1, 2, 3 or 4 booster doses, respectively,
over the 96-week study period. The corresponding numbers for the older cohort are 37
(5%), 96 (13%), 143 (19.5%), 377 (51.2%,) and 82 (11%). In total, 318 (32%) had received
one original/Omicron booster, including 37 (15%) of the younger and 281 (38%) of the
older cohort.

Table 3. Comparison of baseline characteristics stratified by those with and without a breakthrough
COVID-19 infection.

Characteristics
No Breakthrough
SARS-CoV-2 Infection

Breakthrough
SARS-CoV-2 Infection p-Value

n = 518 n = 465

Age group

30–50-year cohort 98 (18.9%) 150 (32.3%)
<0.001

70+ year cohort 420 (81.1%) 315 (67.7%)

Age, mean (SD) 67.7 (14.2) 63.5 (16.2) <0.001

Sex

Male 186 (35.9%) 166 (35.7%)
0.999

Female 332 (64.1%) 299 (64.3%)

Caucasian Race

No 48 (9.27%) 63 (13.5%)
0.044

Yes 470 (90.7%) 402 (86.5%)

Diabetes

No 458 (88.4%) 419 (90.1%)
0.453

Yes 60 (11.6%) 46 (9.89%)

Cardiovascular diseases

No 307 (59.3%) 319 (68.6%)
0.003

Yes 211 (40.7%) 146 (31.4%)

Respiratory diseases

No 460 (88.8%) 408 (87.7%)
0.676

Yes 58 (11.2%) 57 (12.3%)

Cancer

No 437 (84.4%) 387 (83.2%)
0.692

Yes 81 (15.6%) 78 (16.8%)

Transplant

No 493 (95.2%) 448 (96.3%)
0.455

Yes 25 (4.83%) 17 (3.66%)
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Table 3. Cont.

Characteristics
No Breakthrough
SARS-CoV-2 Infection

Breakthrough
SARS-CoV-2 Infection p-Value

n = 518 n = 465

Body mass index, mean (SD) 2.71 (0.55) 2.71 (0.55) 0.941

Obesity (BMI ≥ 30)

No 381 (74.6%) 353 (76.7%)
0.475

Yes 130 (25.4%) 107 (23.3%)

Smoking

Never 282 (54.4%) 277 (59.6%)
0.037Prior 209 (40.3%) 177 (38.1%)

Current 27 (5.21%) 11 (2.37%)

First two vaccine brand combination

mRNA-1273–mRNA-1273 59 (11.4%) 42 (9%)

0.535Other–mRNA-1273 104 (20.1%) 105 (22.6%)

Pfizer–Pfizer 329 (63.5%) 297 (63.9%)

Other–Other 26 (5%) 21 (4.5%)

COVID-19 Vaccine Booster doses

None 47 (9.07%) 20 (4.3%)

<0.001
One 111 (21.43%) 66 (14.19%)

Two 92 (17.76%) 141 (30.32%)

Three 215 (41.51%) 203 (43.66%)

Four 53 (10.23%) 35 (7.53%)

Original/Omicron Bivalent vaccination (after 26 September 2022)

No 276 (53.3%) 389 (83.7%)
<0.001

Yes 242 (46.7%) 76 (16.3%)
BMI—body mass index, SD—standard deviation.

In total, 465 (47.3%) first breakthrough infections were observed within 96 weeks of the
index date, 376 (76%) were reported by participants (of these, 206 (55%) also had a positive
NP) and an additional 89 (19%) had a positive NP but did not report a positive PCR or RAT.
As shown in Figure 2, the younger-aged cohort was more likely (p-value < 0.0001) to have
a breakthrough infection with a median time of 425 [range 395, 487] days compared to a
median time to infection of 669 days in the older cohort [range 638, >672]. A total of 289
(62%) of the first breakthrough events occurred before 26 September 2022, and 176 (38%)
occurred after this date.

The number of breakthrough infections increased with time. A total of 20 (4.3%)
breakthrough COVID-19 infections were observed during the Delta wave with a median
time of 122 days (17 weeks) from the index date to infection date; 53 (11.4%) during the
Omicron BA.1 wave with a median time of 214 days (31 weeks); 127 (27.3%) during the
Omicron BA.2 wave with a median time of 304 days (43 weeks); 238 (51.2%) during the
Omicron BA.4/5 wave with a median time of 487 days (70 weeks); and 27 (5.8%) during
the Omicron XBB wave with a median time of 669 days (96 weeks). Of the 776 participants
with follow-up data, 221 (28.5%) had a breakthrough infection after 26 September 2022 and
289 (37.2%) had a previous documented infection prior to 26 September 2022. Of the latter,
45 had a second breakthrough infection after 26 September 2022.
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Overall, during the 96 weeks after the index date, higher RBD antibody levels were
protectively associated with breakthrough infection, with a hazard ratio (HR) of 0.933 [95%
CI 0.872, 0.999] and, similarly, those in the older-aged cohort of 70+ were protectively
associated with an HR of 0.451 [95% CI, 0.358, 0.568], as shown in Table 4 and Figure 3a.
Higher antibody values and the older-aged cohort in the earlier infection waves of Delta,
Omicron BA.1 and Omicron BA.2 had a stronger protective association with breakthrough
infection, respectively, with HRs of 0.884 [95% CI, 0.813, 0.963] and 0.299 [95% CI, 0.211,
0.424]. However, in later waves of Omicron BA.4/5 and XBB, higher antibody levels were
not associated with breakthrough infection, with an HR of 1.01 [95% CI, 0.92, 1.109], while
the older-aged cohort remained associated with protection, with an HR of 0.512 [95% CI,
0.373, 0.702]; see Table 5.

Table 4. Hazard ratios of predictors in association with COVID-19 breakthrough infection after
index date.

Characteristics Univariable Hazard Ratio
[95% CI]

Multivariable Hazard Ratio
[95% CI]

96 weeks after index date

Antibody log (RBD.BAU/mL) 0.932 [0.873, 0.996] 0.933 [0.872, 0.999]

Two mRNA-1273 initial
vaccine series 1.001 [0.729, 1.375] 0.862 [0.624, 1.192]

Age cohort 70+ 0.442 [0.363, 0.538] 0.451 [0.358, 0.568]

Female gender 1.002 [0.829, 1.211] 0.889 [0.731, 1.081]

Caucasian race 0.645 [0.494, 0.841] 0.844 [0.639, 1.115]

Diabetes 0.85 [0.627, 1.153] 1.061 [0.765, 1.471]

Respiratory disease 1.047 [0.794, 1.382] 1.069 [0.808, 1.415]

Cardiovascular disease 0.705 [0.579, 0.857] 0.884 [0.705, 1.108]

Transplant/immunosuppression 0.839 [0.517, 1.362] 0.789 [0.482, 1.29]

Cancer 0.954 [0.748, 1.217] 1.148 [0.891, 1.478]

Currently smoking 0.717 [0.394, 1.304] 0.689 [0.378, 1.254]
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Table 4. Cont.

Characteristics Univariable Hazard Ratio
[95% CI]

Multivariable Hazard Ratio
[95% CI]

Delta + Omicron BA.1/.2 waves

Antibody log (RBD.BAU/mL) 0.899 [0.829, 0.975] 0.884 [0.813, 0.963]

Two mRNA-1273 initial
vaccine series 1.244 [0.799, 1.939] 1.057 [0.669, 1.67]

Age 70+ cohort 0.348 [0.261, 0.463] 0.299 [0.211, 0.424]

Female gender 0.967 [0.724, 1.291] 0.799 [0.59, 1.081]

Caucasian race 0.785 [0.516, 1.194] 1.227 [0.785, 1.918]

Diabetes 0.966 [0.614, 1.518] 1.267 [0.777, 2.065]

Respiratory disease 1.096 [0.721, 1.667] 1.047 [0.68, 1.611]

Cardiovascular disease 0.694 [0.514, 0.936] 0.96 [0.672, 1.371]

Transplant/immunosuppression 0.926 [0.436, 1.97] 0.836 [0.389, 1.798]

Cancer 1.013 [0.701, 1.466] 1.312 [0.888, 1.938]

Currently Smoking 1.325 [0.653, 2.688] 1.252 [0.612, 2.563]

Omicron BA.4/5 + XBB waves

Antibody log (RBD.BAU/mL) 0.99 [0.904, 1.084] 1.01 [0.92, 1.109]

Two mRNA-1273 initial
vaccine series 0.857 [0.543, 1.351] 0.692 [0.435, 1.101]

Age 70+ cohort 0.464 [0.353, 0.61] 0.512 [0.373, 0.702]

Female gender 1.02 [0.793, 1.312] 0.9 [0.695, 1.165]

Caucasian race 0.526 [0.373, 0.742] 0.645 [0.45, 0.926]

Diabetes 0.77 [0.51, 1.163] 0.951 [0.611, 1.48]

Respiratory disease 1.023 [0.707, 1.48] 1.054 [0.725, 1.533]

Cardiovascular disease 0.695 [0.537, 0.901] 0.828 [0.616, 1.111]

Transplant/immunosuppression 0.832 [0.442, 1.565] 0.835 [0.44, 1.584]

Cancer 0.899 [0.65, 1.242] 1.055 [0.754, 1.476]

Currently smoking 0.338 [0.108, 1.056] 0.321 [0.103, 1.004]
RBD—receptor binding domain, BAU—binding antibody assay.

Table 5. Baseline characteristics of participants with breakthrough COVID-19 infection stratified by
Ontario SARS-CoV-2 waves.

Characteristics

COVID-19 Breakthrough Infected Participants
p-ValueDelta

(n = 20)
BA.1

(n = 53)
BA.2

(n = 127)
BA.4/5

(n = 238)
XBB

(n = 27)

Age cohort

30–50 years 5 (25.0%) 29 (54.7%) 45 (35.4%) 66 (27.7%) 5 (18.5%)
<0.001

70+ years 15 (75.0%) 24 (45.3%) 82 (64.6%) 172 (72.3%) 22 (81.5%)

Age, mean (SD) 64.4 (18.4) 57.1 (18.4) 61.8 (16.4) 65.1 (15.5) 68.7 (11.4) 0.005

Sex

Male 8 (40.0%) 21 (39.6%) 43 (33.9%) 83 (34.9%) 11 (40.7%)
0.898

Female 12 (60.0%) 32 (60.4%) 84 (66.1%) 155 (65.1%) 16 (59.3%)
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Table 5. Cont.

Characteristics

COVID-19 Breakthrough Infected Participants
p-ValueDelta

(n = 20)
BA.1

(n = 53)
BA.2

(n = 127)
BA.4/5

(n = 238)
XBB

(n = 27)

Caucasian Race

No 2 (10.0%) 6 (11.3%) 17 (13.4%) 36 (15.1%) 2 (7.41%)
0.86

Yes 18 (90.0%) 47 (88.7%) 110 (86.6%) 202 (84.9%) 25 (92.6%)

Diabetes

No 19 (95.0%) 51 (96.2%) 109 (85.8%) 221 (92.9%) 19 (70.4%)
0.002

Yes 1 (5.00%) 2 (3.77%) 18 (14.2%) 17 (7.14%) 8 (29.6%)

Cardiovascular disease

No 19 (95.0%) 40 (75.5%) 79 (62.2%) 165 (69.3%) 16 (59.3%)
0.024

Yes 1 (5.00%) 13 (24.5%) 48 (37.8%) 73 (30.7%) 11 (40.7%)

Respiratory diseases

No 17 (85.0%) 47 (88.7%) 111 (87.4%) 209 (87.8%) 24 (88.9%)
0.991

Yes 3 (15.0%) 6 (11.3%) 16 (12.6%) 29 (12.2%) 3 (11.1%)

Cancer

No 17 (85.0%) 43 (81.1%) 106 (83.5%) 199 (83.6%) 22 (81.5%)
0.984

Yes 3 (15.0%) 10 (18.9%) 21 (16.5%) 39 (16.4%) 5 (18.5%)

Transplant/immunosuppression

No 19 (95.0%) 50 (94.3%) 124 (97.6%) 229 (96.2%) 26 (96.3%)
0.646

Yes 1 (5.00%) 3 (5.66%) 3 (2.36%) 9 (3.78%) 1 (3.70%)

Obesity

No 13 (68.4%) 38 (73.1%) 93 (74.4%) 189 (79.7%) 20 (74.1%)
0.527

Yes 6 (31.6%) 14 (26.9%) 32 (25.6%) 48 (20.3%) 7 (25.9%)

BMI, mean (SD) 2.71 (0.65) 2.80 (0.57) 2.78 (0.59) 2.65 (0.53) 2.77 (0.44) 0.171

Smoking

No 8 (40.0%) 30 (56.6%) 77 (60.6%) 150 (63.0%) 12 (44.4%)

0.002Previous 11 (55.0%) 17 (32.1%) 49 (38.6%) 86 (36.1%) 14 (51.9%)

Current 1 (5.00%) 6 (11.3%) 1 (0.79%) 2 (0.84%) 1 (3.70%)

First two vaccine combination

Other–Other 15 (75.0%) 33 (62.3%) 86 (67.7%) 167 (70.2%) 17 (63.0%)

0.453Other–mRNA-1273 5 (25.0%) 15 (28.3%) 24 (18.9%) 53 (22.3%) 8 (29.6%)

mRNA-1273–mRNA-1273 0 (0.00%) 5 (9.43%) 17 (13.4%) 18 (7.56%) 2 (7.41%)

Original/Omicron Bivalent vaccination (after 26 September 2022)

No 20 (100%) 53 (100%) 127 (100%) 178 (74.8%) 11 (40.7%)
<0.001

Yes 0 (0.00%) 0 (0.00%) 0 (0.00%) 60 (25.2%) 16 (59.3%)

Median time to infection,
days (week) 122 (17) 214 (31) 304 (43) 487 (70) 669 (96) -

RBD—receptor binding domain, BAU—binding antibody unit, CI—confidence interval.



Vaccines 2024, 12, 36 12 of 21

Vaccines 2024, 12, x FOR PEER REVIEW 10 of 20 
 

 

Cardiovascular disease 0.694 [0.514, 0.936] 0.96 [0.672, 1.371] 
Transplant/immunosuppres-
sion 

0.926 [0.436, 1.97] 0.836 [0.389, 1.798] 

Cancer 1.013 [0.701, 1.466] 1.312 [0.888, 1.938] 
Currently Smoking 1.325 [0.653, 2.688] 1.252 [0.612, 2.563] 

Omicron BA.4/5 + XBB waves  
Antibody log 
(RBD.BAU/mL) 0.99 [0.904, 1.084] 1.01 [0.92, 1.109] 

Two mRNA-1273 initial vac-
cine series 0.857 [0.543, 1.351] 0.692 [0.435, 1.101] 

Age 70+ cohort 0.464 [0.353, 0.61] 0.512 [0.373, 0.702] 
Female gender 1.02 [0.793, 1.312] 0.9 [0.695, 1.165] 
Caucasian race 0.526 [0.373, 0.742] 0.645 [0.45, 0.926] 
Diabetes 0.77 [0.51, 1.163] 0.951 [0.611, 1.48] 
Respiratory disease 1.023 [0.707, 1.48] 1.054 [0.725, 1.533] 
Cardiovascular disease 0.695 [0.537, 0.901] 0.828 [0.616, 1.111] 
Transplant/immunosuppres-
sion 

0.832 [0.442, 1.565] 0.835 [0.44, 1.584] 

Cancer 0.899 [0.65, 1.242] 1.055 [0.754, 1.476] 
Currently smoking 0.338 [0.108, 1.056] 0.321 [0.103, 1.004] 
RBD—receptor binding domain, BAU—binding antibody assay. 

 
Figure 3. Hazard ratios of predictors in association with breakthrough COVID-19 infection (a) after 
index date and (b) after 26 September 2022. RBD, receptor binding domain; BAU, binding antibody 
units/mL. 

Figure 3. Hazard ratios of predictors in association with breakthrough COVID-19 infection (a) after
index date and (b) after 26 September 2022. RBD, receptor binding domain; BAU, binding antibody
units/mL.

Receipt of two doses of the mRNA-1273 vaccine in the initial series was not asso-
ciated with protection from breakthrough infection during the 96-week follow-up—HR
0.862 [95% CI 0.624, 1.192]—or during any SARS-CoV-2 waves. The covariates of sex,
race, smoking habit and comorbidities (diabetes, respiratory disease, cardiovascular dis-
ease, transplant/immunosuppression and cancer) were not associated with breakthrough
infection during the 96 weeks of follow-up or during any infection wave; see Table 5.

The higher RBD antibody quintiles were associated with the first breakthrough infec-
tion during the earlier waves of Delta and Omicron BA.1 in Ontario; HR 0.302 [95% CI,
0.117, 0.776] and HR 0.205 [95% CI, 0.082, 0.508], as shown in Table 6. The older-aged cohort
(70+ years) was protectively associated with breakthrough infection during all waves in
Ontario (Table 7).

Table 6. Hazard ratios (HRs) of quintiles to receptor binding domain (RBD) antibodies in association
with breakthrough infection after the index date.

Antibody
Quintiles of Log (RBD.BAU/mL)

Univariable
HR [95% CI]

Multivariable
HR [95% CI]

All SARS-CoV-2 waves

<4.92 Ref.

4.92–6.03 0.851 [0.576, 1.256] 0.823 [0.557, 1.216]

6.03–7.13 0.795 [0.549, 1.152] 0.77 [0.53, 1.118]

7.13–8.13 0.861 [0.602, 1.233] 0.872 [0.608, 1.252]

>8.13 0.688 [0.475, 0.996] 0.689 [0.474, 1]
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Table 6. Cont.

Antibody
Quintiles of Log (RBD.BAU/mL)

Univariable
HR [95% CI]

Multivariable
HR [95% CI]

Delta + Omicron BA.1

<4.92 Ref.

4.92–6.03 0.974 [0.521, 1.818] 0.885 [0.47, 1.666]

6.03–7.13 0.955 [0.487, 1.875] 0.88 [0.443, 1.748]

7.13–8.13 0.292 [0.114, 0.747] 0.302 [0.117, 0.776]

>8.13 0.198 [0.08, 0.486] 0.205 [0.082, 0.508]

Omicron BA.2

<4.92 Ref.

4.92–6.03 0.846 [0.35, 2.044] 0.674 [0.276, 1.646]

6.03–7.13 0.755 [0.332, 1.718] 0.645 [0.282, 1.476]

7.13–8.13 0.96 [0.448, 2.058] 0.746 [0.344, 1.616]

>8.13 1.192 [0.563, 2.523] 0.894 [0.417, 1.918]

Omicron BA.4/5

<4.92 Ref.

4.92–6.03 1.243 [0.615, 2.511] 1.226 [0.603, 2.489]

6.03–7.13 1.291 [0.661, 2.522] 1.256 [0.638, 2.472]

7.13–8.13 1.508 [0.782, 2.908] 1.562 [0.805, 3.033]

>8.13 0.977 [0.495, 1.929] 1.012 [0.509, 2.012]

XBB

<0.92 Ref.

4.92–6.03 --- ---

6.03–7.13 0.349 [0.102, 1.192] 0.414 [0.101, 1.7]

7.13–8.13 0.475 [0.151, 1.492] 0.618 [0.163, 2.35]

>8.13 0.404 [0.108, 1.503] 0.57 [0.132, 2.464]

RBD—receptor binding domain, BAU—binding antibody unit, CI—confidence interval.

Table 7. Breakthrough infections by age cohort during the COVID waves.

Waves and Age
Cohorts

Univariable
HR [95% CI]

Multivariable
HR [95% CI]

All SARS-CoV-2 waves

30–50 years Ref.

70+ years 0.442 [0.363, 0.538] 0.448 [0.355, 0.564]

Delta + Omicron BA.1

30–50 years Ref.

70+ years 0.277 [0.175, 0.439] 0.312 [0.179, 0.542]

Omicron BA.2

30–50 years Ref.

70+ years 0.361 [0.251, 0.52] 0.326 [0.21, 0.506]
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Table 7. Cont.

Waves and Age
Cohorts

Univariable
HR [95% CI]

Multivariable
HR [95% CI]

Omicron BA.4/5

30–50 years Ref.

70+ years 0.464 [0.349, 0.617] 0.519 [0.372, 0.723]

Omicron XBB

30–50 years Ref.

70+ years 0.361 [0.137, 0.955] 0.232 [0.074, 0.73]
HR—hazard ratio, CI—confidence interval.

For those with a single COVID-19 breakthrough infection, the median time to break-
through infection after the second vaccine dose was 426 days (61 weeks). This group
received an average of 1.7 booster doses before the breakthrough. For those with a second
breakthrough infection, the median time to the second infection after the first infection was
248 days (35 weeks), with receipt of an average of 0.9 booster vaccine doses between the
two infections.

The potential association of receipt of the Omicron original/Omicron vaccine booster
after 26 September 2022 and the presence of natural hybrid infection before 26 September
2022 on the risk of second infections was investigated. There was no association of higher
RBD antibody levels—HR 1.045 [95% CI, 0.94, 1.163]—and initial vaccine series with two
doses of mRNA-1273—HR 0.773 [95% CI, 0.467, 1.28]—however, the older age cohort was
protectively associated; HR 0.682 [95% CI, 0.477, 0.976]. Both the receipt of a bivalent
original/Omicron booster vaccine—HR 0.36 [95% CI, 0.264, 0.49]—and previous natural
infection (hybrid immunity)—HR 0.276 [95% CI 0.189, 0.404]—were protectively associated
with breakthrough infection after 26 September 2022, as shown in Table 8, and Figure 3b.

Table 8. Hazard ratios of predictors associated with first breakthrough COVID-19 infection after
26 September 2022.

Characteristic Univariable HR [95% CI] Multivariable HR [95% CI]

Antibody level log
(RBD.BAU/mL) 0.925 [0.839, 1.02] 1.045 [0.94, 1.163]

Two mRNA-1273 doses in
initial vaccine series 0.981 [0.598, 1.609] 0.773 [0.467, 1.28]

Receipt of original/Omicron
bivalent booster 0.597 [0.452, 0.788] 0.36 [0.264, 0.49]

Hybrid immunity 0.56 [0.403, 0.777] 0.276 [0.189, 0.404]

Age cohort 70+ 0.687 [0.504, 0.936] 0.682 [0.477, 0.976]

Female gender 0.915 [0.697, 1.202] 0.865 [0.653, 1.147]

Caucasian race 0.618 [0.418, 0.914] 0.761 [0.506, 1.145]

Diabetes 0.656 [0.405, 1.062] 0.68 [0.411, 1.128]

Respiratory disease 0.995 [0.665, 1.488] 0.96 [0.638, 1.446]

Cardiovascular disease 0.863 [0.654, 1.139] 1.043 [0.763, 1.424]

Transplant/immunosuppression 1.206 [0.64, 2.275] 1.175 [0.613, 2.25]

Cancer 1.119 [0.804, 1.557] 1.274 [0.901, 1.803]

Current smoking 0.314 [0.078, 1.263] 0.243 [0.06, 0.982]
HR—hazard ratio, RBD—receptor binding domain, BAU—binding antibody unit.



Vaccines 2024, 12, 36 15 of 21

4. Discussion

COVID-19 mRNA vaccines have proven to be very effective in preventing severe
infection and death but do not completely prevent SARS-CoV-2 infection [19,21,22,24,41].
In the STOPCoV prospective study [37], the proportion of participants who developed
natural infection increased over the study period, especially during the Omicron SARS-
CoV-2 variant waves, despite high rates of vaccine and booster uptake. No participant
required hospitalization or died consequent to their infection.

In this analysis, we explored predictors of breakthrough infection in the STOPCoV
study. Our main goal was to see if we could identify an antibody threshold for protection. In
the early phases of the pandemic after the initial release of vaccines, we found an association
between the level of antibodies in the spike receptor binding domain (RBD) of the SARS-
CoV-2 virus and a lower rate of breakthrough infection. However, with time and the
emergence of new SARS-CoV-2 variants, the association between the RBD antibody level
and breakthrough infection became weaker and lost statistical significance. We similarly
could not identify a threshold level that provided protection when analyzing breakthrough
infection using RBD antibody quintiles. Thus, within our cohort, RBD antibody levels
could not be used to predict the risk of infection or guide booster dosing.

To date, there is no confirmed absolute antibody threshold for immunity. Antibody
positivity was a good predictor of lower infection risk in a health care worker study, but
a comparison of antibody levels was not carried out [42]. A 2310-participant Israelian
health care worker cohort showed a lower risk of infection for each 10-fold increase in
pre-infection IgG antibody levels to spike (OR 0.71, 95% CI 0.56–0.90), with a higher
risk of symptomatic disease with pre-infection IgG levels < 500 BAU/mL compared to
those with levels 901–1600 BAU/mL [43]. The TWINS UK and ALSPAC UK longitudinal
study of 9361 individuals determined that those with the lowest quintile antibody to spike
(<164 BAU/mL) after a single vaccine had greater odds of a COVID-19 infection in the next
6–9 months (OR 2.9, 95% CI 1.4, 6.0) compared to those in the top antibody quintile [15].
Protective thresholds may vary with the SARS-CoV-2 variant. For example, Goldblat
et al. [44] defined 154 (95% CI 42, 559) and 171 (95% CI 57, 519) BAU/mL as protective
thresholds for wild-type and alpha variant SARS-CoV-2 and 39–490 BAU/mL for delta
variants while Feng et al. [18] found levels above 264 (95% CI 108, 806) BAU/mL to provide
80% vaccine effectiveness against the Alpha variant. Dimeglio et al. [45] estimated much
higher levels > 6000 BAU/mL needed for protection against Omicron variant BA.1 but
could not define an antibody threshold for Omicron variant BA.2. Similar to our work,
an Italian study of 487 individuals [17] showed no significant difference in the probability
of SARS-CoV-2 infection for different levels of anti-spike/RBD from values obtained one
month after the first COVID-19 booster and 4 months of follow-up. They recommend
against routine testing for vaccine-induced humoral immune responses, and our data
would support that recommendation.

Others have suggested that vaccine-induced neutralizing antibodies may have a
greater predictive power against severe infection [11,19]. Neutralizing antibodies induced
by a vaccine were shown to strongly correlate with the protective effect of seven COVID
vaccines in the phase III clinical trials [11,46]. However, the gradient of vaccine efficacy
increases with neutralization, with 70% protective thresholds ranging from 4 to 33/U/mL
but with no strict threshold confirmed [11,18,47]. Although the studies show similar
correlations, the results are difficult to compare across studies because of the diversity of
the assays used, neutralization levels between assays, the different populations studied,
the duration of follow-up, the number and types of vaccines received and the constant
emergence of new and more escaped variants [16].

We did not find the rate of breakthrough infections to vary by race, gender or in
those with underlying comorbidities or a smoking status. Breakthrough infection rates,
particularly in the early waves of infection, are reported as higher in those with underlying
immunosuppressive disease or therapy [6,48–53]. The number of participants with these
disorders in our cohort was small, potentially preventing us from identifying a relationship.
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However, overall, the proportion with a breakthrough infection did not differ between
those who did and did not report an underlying comorbidity. We did not find an association
between breakthrough infection and the receipt of two doses of mRNA-1273 as the initial
vaccine series, although other reports have seen higher antibody levels with this initial
brand as the vaccine series [54–56].

In our study, at all time points, and throughout all variant waves of infection in
Ontario, our older cohort (≥70 years) was less likely to have a breakthrough infection
than the younger cohort (30–50 years). This was consistent in the multivariable analysis
when considering RBD antibody levels. Others have similarly described a lower rate in the
older population [23,57]. Although one might anticipate that the older cohort would have
a lower immune response, this was not reflected in lower antibody levels. We speculate
that lower breakthrough infection rates may be related to behavioral differences and better
adherence to public health recommendations concerning social distancing and isolation in
a group who perceived themselves of higher risk and have more underlying comorbidities;
however, these data were not prospectively collected.

Multiple studies have shown waning vaccine efficacy with time and against the
emerging variants. Vaccine efficacy may be partially restored with vaccine booster doses
but wanes rapidly [29,58–60]. Although repeated boosting with the earliest vaccines based
on the ancestral SARS-CoV-2 strain increased antibody levels, an Israeli study suggested
that, after three doses, the immunogenicity peaks and that the fourth dose only offers
marginal protection in young adults [48]. The antibody levels in our cohort were high
and we could only show an association with breakthrough infection in the early waves of
the pandemic. Similar to others, the protective threshold (if it exists) may vary with the
circulating variant strain [30].

The emergence of breakthrough infections has led to the development of boosters with
activity against the circulating SARS-CoV-2 variants [26,35,61,62]. Laboratory studies have
shown that antibodies from persons boosted with original/Omicron vaccines had an increased
neutralization capacity [60,63]. Multiple test-negative case–control studies in the US, Japan,
Korea, Israel and Nordic countries have shown decreased rates of hospitalization and death
due to COVID-19 in those who received an original/Omicron vaccine relative to those who
did not, with additional vaccine effectiveness ranging from 45 to 89%. The studies include
different populations and different prior vaccine schedules [25,27,31,35,36,64–68].

When we assessed new breakthrough infections after the release of the original/Omicron
vaccine in Ontario, we found a strong association between receipt of the bivalent booster
and lack of breakthrough infection. This suggests that having a vaccine that more closely
matches the circulating strain may provide the greatest protection and points to the likely
future need to have updated boosters on an annual basis that match the new variants
similar to the practice with influenza vaccination. These observations further call for the
need for a pan-coronavirus vaccine. The impact of the new monovalent vaccines on the
emerging SARS-CoV-2 variants will be an area of ongoing study.

We also demonstrated that hybrid immunity—the presence of both natural and
vaccine-induced immunity—was associated with a lower rate of subsequent breakthrough
infection after the original/Omicron vaccines were introduced in Ontario. This is con-
sistent with other studies that demonstrate the partial protection afforded by natural
infection [7,8,69–71].

Our study has many strengths. The completely decentralized nature of our study
allowed for the inclusion of a more generalizable population including persons outside of
traditional research facilities or with limitations in participation due to mobility. Further,
the ability to complete study procedures at home enabled high retention and follow-up [39].
The population studied had a high vaccine and booster uptake. We were able to follow the
cohort longitudinally and with high retention, allowing us to assess the predictors through
multiple waves of the pandemic. Despite this, the number with breakthrough COVID-19
infections remains small relative to population-based studies and there was an uneven
representation of the various SARS-CoV-2 variant strains causing breakthroughs over the
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course of our study. We also had less power to assess for many of the comorbidity covariates.
We relied on participant reporting of infection and vaccine brands and booster doses, which
could lead to some misclassification. In those cases that were minimally symptomatic
or asymptomatic, the true date of infection was unclear as the antibody to NP was only
determined every three months. As the reporting of infection was monthly, antibody
values within the month of the breakthrough were not included in the analysis as the levels
may be enhanced by the infection. Lastly, the chosen NP threshold of 99% specificity as
an indication of infection for the study may have misclassified cases in which antibody
production was lower as only 55% of those reporting an infection showed a subsequent
increase in NP. It is possible that the production of NP is lower in a vaccinated population
or that it could have waned between testing periods. There was a small percentage (<5%)
of antibody levels that were above the linear range of the assay but we do not feel that
they are large enough to prevent us from determining an antibody threshold if it existed.
Finally, antibody tests were tailored to the ancestral strains and, in our future work, will
determine whether they need to be adapted to the new SARS CoV-2 variants. Our study
only considered antibody levels, and neutralizing antibodies and T cell immunity were not
assessed, which could be impacted by age and underlying risk factors.

5. Conclusions

This prospective longitudinal study failed to identify an antibody threshold that
would protect against infection with SARS-CoV-2. We conclude that antibody levels based
on the ancestral strain cannot be used to determine the need for or timing of booster
dosing. Although there was an association between higher antibody levels and a lack of
breakthrough infection in the early waves of the pandemic, this decreased with time and
with the emergence of SARS-CoV-2 variant strains. There was an association between
receipt of an original/Omicron vaccine and lack of a breakthrough infection during the
Omicron BA.4/5 waves of the pandemic, suggesting that receipt of vaccines that match the
circulating variants may provide the greatest protection and supports the recommendation
on their use in an era of vaccine fatigue. Hybrid immunity was also associated with
protection from further infections.

Author Contributions: S.W. is the principal investigator and takes overall responsibility for the
integrity of the work from inception to publication. Conceptualization, S.W., A.-C.G. and A.M.;
methodology, S.W., and K.C.; software, D.M.; validation, S.W., L.E.L., M.N., R.M.D. and K.C.; formal
analysis, M.N. and L.E.L.; investigation, R.R.; resources, S.W.; data curation, S.W., M.N., L.E.L.,
K.C., R.M.D. and A.-C.G.; writing—original draft preparation, S.W. and M.N.; writing—review and
editing, S.W., M.N., L.E.L., K.C., A.M. and A.-C.G.; visualization, S.W. and L.E.L.; supervision, S.W.
and A.-C.G.; project administration, R.R.; funding acquisition, S.W. and A.-C.G. STOPCoV Team:
conceptualization, revision of manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Public Health Agency of Canada through a grant from
the Canadian Immunity Task Force (ID: 087-VS), a grant from the Canadian Institutes of Health
Research (EG-179431) and a contribution from the Speck family through the University Health
Network Foundation (Speck Family COVID-19 Research).

Institutional Review Board Statement: The University Health Network (UHN) Ethics Review
Committee, REB number 21-5090, approved the research study, amendments and electronic consent.

Informed Consent Statement: Informed e-consent was obtained from all subjects involved in the
study prior to completion of any study activities.

Data Availability Statement: Data available on request due to restrictions. The data presented in this
study are available on request from the corresponding author. The data are not publicly available
due to privacy. Data can be requested through Canadian Immunity Task Force.

Acknowledgments: We acknowledge the additional members of the StopCoV Research Team: Brad
Wouters, Paula Rochon, Christopher Graham, Amit Oza, Michael Brudno, Janet Raboud, Leah Szad-
owski, Rosemarie Clarke, Amanda Silva, Laura Parente, Jacqueline Simpson, Peter Maksymowsky,



Vaccines 2024, 12, 36 18 of 21

Adrian Pasculescu and Priscilla Chan. We acknowledge the commitment and dedication of the
STOPCoV participants, without whom we could not conduct this study. Sharon Walmsley is the
UHN Speck Family Chair in Emerging Infectious Diseases.

Conflicts of Interest: No author has conflicts related to this study. Sharon Walmsley has conducted
clinical trials, spoken at CME events and served on advisory boards with ViiV Healthcare, Glaxo-
Smith Kline, Merck, Gilead, Janssen.

References
1. Anderson, E.J.; Rouphael, N.G.; Widge, A.T.; Jackson, L.A.; Roberts, P.C.; Makhene, M.; Chappell, J.D.; Denison, M.R.; Stevens,

L.J.; Pruijssers, A.J.; et al. Safety and Immunogenicity of SARS-CoV-2 mRNA-1273 Vaccine in Older Adults. N. Engl. J. Med. 2020,
383, 2427–2438. [CrossRef] [PubMed]

2. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef] [PubMed]

3. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef] [PubMed]

4. Thompson, M.G.; Stenehjem, E.; Grannis, S.; Ball, S.W.; Naleway, A.L.; Ong, T.C.; DeSilva, M.B.; Natarajan, K.; Bozio, C.H.; Lewis,
N.; et al. Effectiveness of Covid-19 Vaccines in Ambulatory and Inpatient Care Settings. N. Engl. J. Med. 2021, 385, 1355–1371.
[CrossRef] [PubMed]

5. Mayr, F.B.; Talisa, V.B.; Shaikh, O.; Yende, S.; Butt, A.A. Effectiveness of Homologous or Heterologous Covid-19 Boosters in
Veterans. N. Engl. J. Med. 2022, 386, 1375–1377. [CrossRef]

6. Hansen, C.H.; Michlmayr, D.; Gubbels, S.M.; Molbak, K.; Ethelberg, S. Assessment of protection against reinfection with SARS-
CoV-2 among 4 million PCR-tested individuals in Denmark in 2020: A population-level observational study. Lancet 2021, 397,
1204–1212. [CrossRef]

7. Altarawneh, H.N.; Chemaitelly, H.; Ayoub, H.H.; Tang, P.; Hasan, M.R.; Yassine, H.M.; Al-Khatib, H.A.; Smatti, M.K.; Coyle, P.;
Al-Kanaani, Z.; et al. Effects of Previous Infection and Vaccination on Symptomatic Omicron Infections. N. Engl. J. Med. 2022, 387,
21–34. [CrossRef]

8. Nordstrom, P.; Ballin, M.; Nordstrom, A. Risk of SARS-CoV-2 reinfection and COVID-19 hospitalisation in individuals with
natural and hybrid immunity: A retrospective, total population cohort study in Sweden. Lancet Infect. Dis. 2022, 22, 781–790.
[CrossRef]

9. Chi, W.Y.; Li, Y.D.; Huang, H.C.; Chan, T.E.H.; Chow, S.Y.; Su, J.H.; Ferrall, L.; Hung, C.F.; Wu, T.C. COVID-19 vaccine update:
Vaccine effectiveness, SARS-CoV-2 variants, boosters, adverse effects, and immune correlates of protection. J. Biomed. Sci. 2022,
29, 82. [CrossRef]

10. Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O'Connell, A.M.; et al.
Covid-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. J. Med. 2022, 386, 1532–1546. [CrossRef]

11. Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.; Davenport,
M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat. Med.
2021, 27, 1205–1211. [CrossRef] [PubMed]

12. Smoot, K.; Yang, J.; Tacker, D.H.; Welch, S.; Khodaverdi, M.; Kimble, W.; Wen, S.; Amjad, A.; Marsh, C.; Perrotta, P.L.; et al.
Persistence and Protective Potential of SARS-CoV-2 Antibody Levels After COVID-19 Vaccination in a West Virginia Nursing
Home Cohort. JAMA Netw. Open 2022, 5, e2231334. [CrossRef] [PubMed]

13. Wei, J.; Stoesser, N.; Matthews, P.C.; Ayoubkhani, D.; Studley, R.; Bell, I.; Bell, J.I.; Newton, J.N.; Farrar, J.; Diamond, I.; et al.
Antibody responses to SARS-CoV-2 vaccines in 45,965 adults from the general population of the United Kingdom. Nat. Microbiol.
2021, 6, 1140–1149. [CrossRef] [PubMed]

14. Abbasi, J. The Flawed Science of Antibody Testing for SARS-CoV-2 Immunity. JAMA 2021, 326, 1781–1782. [CrossRef] [PubMed]
15. Cheetham, N.J.; Kibble, M.; Wong, A.; Silverwood, R.J.; Knuppel, A.; Williams, D.M.; Hamilton, O.K.L.; Lee, P.H.; Bridger Staatz,

C.; Di Gessa, G.; et al. Antibody levels following vaccination against SARS-CoV-2: Associations with post-vaccination infection
and risk factors in two UK longitudinal studies. eLife 2023, 12, e80428. [CrossRef]

16. Khoury, D.S.; Schlub, T.E.; Cromer, D.; Steain, M.; Fong, Y.; Gilbert, P.B.; Subbarao, K.; Triccas, J.A.; Kent, S.J.; Davenport, M.P.
Correlates of Protection, Thresholds of Protection, and Immunobridging among Persons with SARS-CoV-2 Infection. Emerg.
Infect. Dis. 2023, 29, 381–388. [CrossRef] [PubMed]

17. Santoro, A.; Capri, A.; Petrone, D.; Colavita, F.; Meschi, S.; Matusali, G.; Mizzoni, K.; Notari, S.; Agrati, C.; Goletti, D.; et al.
SARS-CoV-2 Breakthrough Infections According to the Immune Response Elicited after mRNA Third Dose Vaccination in
COVID-19-Naïve Hospital Personnel. Biomedicines 2023, 11, 1247. [CrossRef]

18. Feng, S.; Phillips, D.J.; White, T.; Sayal, H.; Aley, P.K.; Bibi, S.; Dold, C.; Fuskova, M.; Gilbert, S.C.; Hirsch, I.; et al. Correlates of
protection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat. Med. 2021, 27, 2032–2040. [CrossRef]

19. Keehner, J.; Horton, L.E.; Binkin, N.J.; Laurent, L.C.; Pride, D.; Longhurst, C.A.; Abeles, S.R.; Torriani, F.J. Resurgence of
SARS-CoV-2 Infection in a Highly Vaccinated Health System Workforce. N. Engl. J. Med. 2021, 385, 1330–1332. [CrossRef]

https://doi.org/10.1056/NEJMoa2028436
https://www.ncbi.nlm.nih.gov/pubmed/32991794
https://doi.org/10.1056/NEJMoa2035389
https://www.ncbi.nlm.nih.gov/pubmed/33378609
https://doi.org/10.1056/NEJMoa2034577
https://www.ncbi.nlm.nih.gov/pubmed/33301246
https://doi.org/10.1056/NEJMoa2110362
https://www.ncbi.nlm.nih.gov/pubmed/34496194
https://doi.org/10.1056/NEJMc2200415
https://doi.org/10.1016/S0140-6736(21)00575-4
https://doi.org/10.1056/NEJMoa2203965
https://doi.org/10.1016/S1473-3099(22)00143-8
https://doi.org/10.1186/s12929-022-00853-8
https://doi.org/10.1056/NEJMoa2119451
https://doi.org/10.1038/s41591-021-01377-8
https://www.ncbi.nlm.nih.gov/pubmed/34002089
https://doi.org/10.1001/jamanetworkopen.2022.31334
https://www.ncbi.nlm.nih.gov/pubmed/36098966
https://doi.org/10.1038/s41564-021-00947-3
https://www.ncbi.nlm.nih.gov/pubmed/34290390
https://doi.org/10.1001/jama.2021.18919
https://www.ncbi.nlm.nih.gov/pubmed/34673883
https://doi.org/10.7554/eLife.80428
https://doi.org/10.3201/eid2902.221422
https://www.ncbi.nlm.nih.gov/pubmed/36692375
https://doi.org/10.3390/biomedicines11051247
https://doi.org/10.1038/s41591-021-01540-1
https://doi.org/10.1056/NEJMc2112981


Vaccines 2024, 12, 36 19 of 21

20. Kelly, J.D.; Leonard, S.; Hoggatt, K.J.; Boscardin, W.J.; Lum, E.N.; Moss-Vazquez, T.A.; Andino, R.; Wong, J.K.; Byers, A.;
Bravata, D.M.; et al. Incidence of Severe COVID-19 Illness Following Vaccination and Booster With BNT162b2, mRNA-1273, and
Ad26.COV2.S Vaccines. JAMA 2022, 328, 1427–1437. [CrossRef]

21. Lang, R.; Humes, E.; Coburn, S.B.; Horberg, M.A.; Fathi, L.F.; Watson, E.; Jefferson, C.R.; Park, L.S.; Gordon, K.S.; Akgun, K.M.;
et al. Analysis of Severe Illness After Postvaccination COVID-19 Breakthrough Among Adults with and without HIV in the US.
JAMA Netw. Open 2022, 5, e2236397. [CrossRef] [PubMed]

22. Widge, A.T.; Rouphael, N.G.; Jackson, L.A.; Anderson, E.J.; Roberts, P.C.; Makhene, M.; Chappell, J.D.; Denison, M.R.; Stevens,
L.J.; Pruijssers, A.J.; et al. Durability of Responses after SARS-CoV-2 mRNA-1273 Vaccination. N. Engl. J. Med. 2021, 384, 80–82.
[CrossRef] [PubMed]

23. Murphy, T.J.; Swail, H.; Jain, J.; Anderson, M.; Awadalla, P.; Behl, L.; Brown, P.E.; Charlton, C.L.; Colwill, K.; Drews, S.J.; et al. The
evolution of SARS-CoV-2 seroprevalence in Canada: A time-series study, 2020–2023. CMAJ 2023, 195, E1030–E1037. [CrossRef]
[PubMed]

24. Moline, H.L.; Whitaker, M.; Deng, L.; Rhodes, J.C.; Milucky, J.; Pham, H.; Patel, K.; Anglin, O.; Reingold, A.; Chai, S.J.; et al.
Effectiveness of COVID-19 Vaccines in Preventing Hospitalization Among Adults Aged ≥65 Years—COVID-NET, 13 States,
February-April 2021. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 1088–1093. [CrossRef] [PubMed]

25. Andersson, N.W.; Thiesson, E.M.; Baum, U.; Pihlström, N.; Starrfelt, J.; Faksová, K.; Poukka, E.; Meijerink, H.; Ljung, R.; Hviid,
A. Comparative effectiveness of bivalent BA.4-5 and BA.1 mRNA booster vaccines among adults aged ≥50 years in Nordic
countries: Nationwide cohort study. BMJ 2023, 382, e075286. [CrossRef] [PubMed]

26. Chalkias, S.; Harper, C.; Vrbicky, K.; Walsh, S.R.; Essink, B.; Brosz, A.; McGhee, N.; Tomassini, J.E.; Chen, X.; Chang, Y.; et al. A
Bivalent Omicron-Containing Booster Vaccine against Covid-19. N. Engl. J. Med. 2022, 387, 1279–1291. [CrossRef] [PubMed]

27. Winokur, P.; Gayed, J.; Fitz-Patrick, D.; Thomas, S.J.; Diya, O.; Lockhart, S.; Xu, X.; Zhang, Y.; Bangad, V.; Schwartz, H.I.; et al.
Bivalent Omicron BA.1-Adapted BNT162b2 Booster in Adults Older than 55 Years. N. Engl. J. Med. 2023, 388, 214–227. [CrossRef]
[PubMed]

28. Wang, Q.; Bowen, A.; Valdez, R.; Gherasim, C.; Gordon, A.; Liu, L.; Ho, D.D. Antibody Response to Omicron BA.4-BA.5 Bivalent
Booster. N. Engl. J. Med. 2023, 388, 567–569. [CrossRef]

29. Kurhade, C.; Zou, J.; Xia, H.; Liu, M.; Chang, H.C.; Ren, P.; Xie, X.; Shi, P.Y. Low neutralization of SARS-CoV-2 Omicron BA.2.75.2,
BQ.1.1 and XBB.1 by parental mRNA vaccine or a BA.5 bivalent booster. Nat. Med. 2023, 29, 344–347. [CrossRef]

30. Wang, Q.; Iketani, S.; Li, Z.; Liu, L.; Guo, Y.; Huang, Y.; Bowen, A.D.; Liu, M.; Wang, M.; Yu, J.; et al. Alarming antibody evasion
properties of rising SARS-CoV-2 BQ and XBB subvariants. Cell 2023, 186, 279–286.e8. [CrossRef]

31. Chae, C.; Kim, R.K.; Jang, E.J.; Shim, J.A.; Park, E.; Lee, K.H.; Hong, S.L.; Aziz, A.B.; Tadesse, B.T.; Marks, F.; et al. Comparing the
Effectiveness of Bivalent and Monovalent COVID-19 Vaccines against COVID-19 Infection during the Winter Season of 2022–2023:
A Real-World Retrospective Observational Matched Cohort Study in the Republic of Korea. Int. J. Infect. Dis. 2023, 135, 95–100.
[CrossRef] [PubMed]

32. Kirsebom, F.C.M.; Andrews, N.; Stowe, J.; Ramsay, M.; Lopez Bernal, J. Duration of protection of ancestral-strain monovalent
vaccines and effectiveness of bivalent BA.1 boosters against COVID-19 hospitalisation in England: A test-negative case-control
study. Lancet Infect. Dis. 2023, 23, 1235–1243. [CrossRef] [PubMed]

33. Arbel, R.; Peretz, A.; Sergienko, R.; Friger, M.; Beckenstein, T.; Duskin-Bitan, H.; Yaron, S.; Hammerman, A.; Bilenko, N.; Netzer,
D. Effectiveness of a bivalent mRNA vaccine booster dose to prevent severe COVID-19 outcomes: A retrospective cohort study.
Lancet Infect. Dis. 2023, 23, 914–921. [CrossRef]

34. Tseng, H.F.; Ackerson, B.K.; Bruxvoort, K.J.; Sy, L.S.; Tubert, J.E.; Lee, G.S.; Ku, J.H.; Florea, A.; Luo, Y.; Qiu, S.; et al. Effectiveness
of mRNA-1273 vaccination against SARS-CoV-2 omicron subvariants BA.1, BA.2, BA.2.12.1, BA.4, and BA.5. Nat. Commun. 2023,
14, 189. [CrossRef] [PubMed]

35. Arashiro, T.; Arima, Y.; Kuramochi, J.; Muraoka, H.; Sato, A.; Chubachi, K.; Yanai, A.; Arioka, H.; Uehara, Y.; Ihara, G.; et al.
Effectiveness of BA.1- and BA.4/BA. 5-Containing Bivalent COVID-19 mRNA Vaccines Against Symptomatic SARS-CoV-2
Infection During the BA.5-Dominant Period in Japan. Open Forum Infect. Dis. 2023, 10, ofad240. [CrossRef] [PubMed]

36. Solera, J.T.; Ierullo, M.; Arbol, B.G.; Mavandadnejad, F.; Kurtesi, A.; Qi, F.; Hu, Q.; Gingras, A.C.; Ferreira, V.H.; Humar, A.; et al.
Bivalent COVID-19 mRNA vaccine against omicron subvariants in immunocompromised patients. Lancet Infect. Dis. 2023, 23,
e266–e267. [CrossRef] [PubMed]

37. Walmsley, S.L.; Szadkowski, L.; Wouters, B.; Clarke, R.; Colwill, K.; Rochon, P.; Brudno, M.; Ravindran, R.; Raboud, J.; McGeer, A.;
et al. COVID-19 vaccine antibody responses in community-dwelling adults to 48 weeks post primary vaccine series. iScience 2023,
26, 106506. [CrossRef]

38. Colwill, K.; Galipeau, Y.; Stuible, M.; Gervais, C.; Arnold, C.; Rathod, B.; Abe, K.T.; Wang, J.H.; Pasculescu, A.; Maltseva, M.; et al.
A scalable serology solution for profiling humoral immune responses to SARS-CoV-2 infection and vaccination. Clin. Transl.
Immunol. 2022, 11, e1380. [CrossRef]

39. Abubakar, H.; Valdez, C.; Lovblum, E.; Ravindran, R.; Clarke, R.; Colwill, K.; Dayam, R.; Gingras, A.; Walmsley, S.; on behalf
of the STOPCoV Research Team. Feasibility and Acceptability of Self-Collected Dried Blood Spots for SARS-CoV-2 Vaccine
Response in Community-Dwelling Elderly: A Large Decentralized Prospective Study. J. Community Med. Public Health 2023,
7, 309. [CrossRef]

https://doi.org/10.1001/jama.2022.17985
https://doi.org/10.1001/jamanetworkopen.2022.36397
https://www.ncbi.nlm.nih.gov/pubmed/36227594
https://doi.org/10.1056/NEJMc2032195
https://www.ncbi.nlm.nih.gov/pubmed/33270381
https://doi.org/10.1503/cmaj.230249
https://www.ncbi.nlm.nih.gov/pubmed/37580072
https://doi.org/10.15585/mmwr.mm7032e3
https://www.ncbi.nlm.nih.gov/pubmed/34383730
https://doi.org/10.1136/bmj-2022-075286
https://www.ncbi.nlm.nih.gov/pubmed/37491022
https://doi.org/10.1056/NEJMoa2208343
https://www.ncbi.nlm.nih.gov/pubmed/36112399
https://doi.org/10.1056/NEJMoa2213082
https://www.ncbi.nlm.nih.gov/pubmed/36652353
https://doi.org/10.1056/NEJMc2213907
https://doi.org/10.1038/s41591-022-02162-x
https://doi.org/10.1016/j.cell.2022.12.018
https://doi.org/10.1016/j.ijid.2023.08.010
https://www.ncbi.nlm.nih.gov/pubmed/37572956
https://doi.org/10.1016/S1473-3099(23)00365-1
https://www.ncbi.nlm.nih.gov/pubmed/37453440
https://doi.org/10.1016/S1473-3099(23)00122-6
https://doi.org/10.1038/s41467-023-35815-7
https://www.ncbi.nlm.nih.gov/pubmed/36635284
https://doi.org/10.1093/ofid/ofad240
https://www.ncbi.nlm.nih.gov/pubmed/37351451
https://doi.org/10.1016/S1473-3099(23)00357-2
https://www.ncbi.nlm.nih.gov/pubmed/37352879
https://doi.org/10.1016/j.isci.2023.106506
https://doi.org/10.1002/cti2.1380
https://doi.org/10.29011/2577-2228.100309


Vaccines 2024, 12, 36 20 of 21

40. Abe, K.T.; Li, Z.; Samson, R.; Samavarchi-Tehrani, P.; Valcourt, E.J.; Wood, H.; Budylowski, P.; Dupuis, A.P., 2nd; Girardin, R.C.;
Rathod, B.; et al. A simple protein-based surrogate neutralization assay for SARS-CoV-2. JCI Insight 2020, 5, e142362. [CrossRef]

41. Antonelli, M.; Penfold, R.S.; Merino, J.; Sudre, C.H.; Molteni, E.; Berry, S.; Canas, L.S.; Graham, M.S.; Klaser, K.; Modat, M.; et al.
Risk factors and disease profile of post-vaccination SARS-CoV-2 infection in UK users of the COVID Symptom Study app: A
prospective, community-based, nested, case-control study. Lancet Infect. Dis. 2021, 22, 43–55. [CrossRef] [PubMed]

42. Hall, V.J.; Foulkes, S.; Charlett, A.; Atti, A.; Monk, E.J.M.; Simmons, R.; Wellington, E.; Cole, M.J.; Saei, A.; Oguti, B.; et al.
SARS-CoV-2 infection rates of antibody-positive compared with antibody-negative health-care workers in England: A large,
multicentre, prospective cohort study (SIREN). Lancet 2021, 397, 1459–1469. [CrossRef] [PubMed]

43. Gilboa, M.; Gonen, T.; Barda, N.; Cohn, S.; Indenbaum, V.; Weiss-Ottolenghi, Y.; Amit, S.; Asraf, K.; Joseph, G.; Levin, T.; et al.
Factors Associated With Protection From SARS-CoV-2 Omicron Variant Infection and Disease Among Vaccinated Health Care
Workers in Israel. JAMA Netw. Open 2023, 6, e2314757. [CrossRef] [PubMed]

44. Goldblatt, D.; Fiore-Gartland, A.; Johnson, M.; Hunt, A.; Bengt, C.; Zavadska, D.; Snipe, H.D.; Brown, J.S.; Workman, L.; Zar, H.J.;
et al. Towards a population-based threshold of protection for COVID-19 vaccines. Vaccine 2022, 40, 306–315. [CrossRef] [PubMed]

45. Dimeglio, C.; Migueres, M.; Bouzid, N.; Chapuy-Regaud, S.; Gernigon, C.; Da-Silva, I.; Porcheron, M.; Martin-Blondel, G.; Herin,
F.; Izopet, J. Antibody Titers and Protection against Omicron (BA.1 and BA.2) SARS-CoV-2 Infection. Vaccines 2022, 10, 1548.
[CrossRef] [PubMed]

46. Earle, K.A.; Ambrosino, D.M.; Fiore-Gartland, A.; Goldblatt, D.; Gilbert, P.B.; Siber, G.R.; Dull, P.; Plotkin, S.A. Evidence for
antibody as a protective correlate for COVID-19 vaccines. Vaccine 2021, 39, 4423–4428. [CrossRef]

47. Gilbert, P.B.; Montefiori, D.C.; McDermott, A.B.; Fong, Y.; Benkeser, D.; Deng, W.; Zhou, H.; Houchens, C.R.; Martins, K.;
Jayashankar, L.; et al. Immune correlates analysis of the mRNA-1273 COVID-19 vaccine efficacy clinical trial. Science 2022, 375,
43–50. [CrossRef]

48. Bar-On, Y.M.; Goldberg, Y.; Mandel, M.; Bodenheimer, O.; Freedman, L.; Kalkstein, N.; Mizrahi, B.; Alroy-Preis, S.; Ash, N.; Milo,
R.; et al. Protection of BNT162b2 Vaccine Booster against Covid-19 in Israel. N. Engl. J. Med. 2021, 385, 1393–1400. [CrossRef]

49. White, E.M.; Yang, X.; Blackman, C.; Feifer, R.A.; Gravenstein, S.; Mor, V. Incident SARS-CoV-2 Infection among mRNA-Vaccinated
and Unvaccinated Nursing Home Residents. N. Engl. J. Med. 2021, 385, 474–476. [CrossRef]

50. Qin, C.X.; Moore, L.W.; Anjan, S.; Rahamimov, R.; Sifri, C.D.; Ali, N.M.; Morales, M.K.; Tsapepas, D.S.; Basic-Jukic, N.; Miller,
R.A.; et al. Risk of Breakthrough SARS-CoV-2 Infections in Adult Transplant Recipients. Transplantation 2021, 105, e265–e266.
[CrossRef]

51. Deng, G.; Zhou, Q.; Meng, Y.; Sun, H.; Du, S.; Liu, Y.; Zeng, F. Risk and outcomes of breakthrough COVID-19 infections in
vaccinated immunocompromised patients: A meta-analysis. MedComm 2023, 4, e307. [CrossRef]

52. Liu, C.; Lee, J.; Ta, C.; Soroush, A.; Rogers, J.R.; Kim, J.H.; Natarajan, K.; Zucker, J.; Perl, Y.; Weng, C. Risk Factors Associated With
SARS-CoV-2 Breakthrough Infections in Fully mRNA-Vaccinated Individuals: Retrospective Analysis. JMIR Public Health Surveill.
2022, 8, e35311. [CrossRef]

53. Smits, P.D.; Gratzl, S.; Simonov, M.; Nachimuthu, S.K.; Goodwin Cartwright, B.M.; Wang, M.D.; Baker, C.; Rodriguez, P.; Bogiages,
M.; Althouse, B.M.; et al. Risk of COVID-19 breakthrough infection and hospitalization in individuals with comorbidities. Vaccine
2023, 41, 2447–2455. [CrossRef]

54. Abe, K.T.; Queenie, H.; Mozafarihashjin, M.; Samson, R.; Manguiat, K.; Robinson, A.; Rathod, B.; Wang, J.H.; Iskilova, M.;
Pasculescu, A.; et al. Neutralizing antibody responses to SARS-CoV-2 variants in vaccinated Ontario long-term care home
residents and workers. medRxiv 2021, 1–31. [CrossRef]

55. Steensels, D.; Pierlet, N.; Penders, J.; Mesotten, D.; Heylen, L. Comparison of SARS-CoV-2 Antibody Response Following
Vaccination With BNT162b2 and mRNA-1273. JAMA 2021, 326, 1533–1535. [CrossRef]

56. Yau, K.; Abe, K.T.; Naimark, D.; Oliver, M.J.; Perl, J.; Leis, J.A.; Bolotin, S.; Tran, V.; Mullin, S.I.; Shadowitz, E.; et al. Evaluation of
the SARS-CoV-2 Antibody Response to the BNT162b2 Vaccine in Patients Undergoing Hemodialysis. JAMA Netw. Open 2021,
4, e2123622. [CrossRef]

57. Skowronski, D.M.; Kaweski, S.E.; Irvine, M.A.; Kim, S.; Chuang, E.S.Y.; Sabaiduc, S.; Fraser, M.; Reyes, R.C.; Henry, B.; Levett,
P.N.; et al. Serial cross-sectional estimation of vaccine-and infection-induced SARS-CoV-2 seroprevalence in British Columbia,
Canada. Can. Med. Assoc. J. 2022, 194, E1599. [CrossRef]

58. Eliakim-Raz, N.; Stemmer, A.; Ghantous, N.; Ness, A.; Awwad, M.; Leibovici-Weisman, Y.; Stemmer, S.M. Antibody Titers After a
Third and Fourth SARS-CoV-2 BNT162b2 Vaccine Dose in Older Adults. JAMA Netw. Open 2022, 5, e2223090. [CrossRef]

59. Goh, Y.S.; Rouers, A.; Fong, S.W.; Zhuo, N.Z.; Hor, P.X.; Loh, C.Y.; Huang, Y.; Neo, V.K.; Kam, I.K.J.; Wang, B.; et al. Waning of
specific antibodies against Delta and Omicron variants five months after a third dose of BNT162b2 SARS-CoV-2 vaccine in elderly
individuals. Front. Immunol. 2022, 13, 1031852. [CrossRef] [PubMed]

60. Springer, D.N.; Bauer, M.; Medits, I.; Camp, J.V.; Aberle, S.W.; Burtscher, C.; Höltl, E.; Weseslindtner, L.; Stiasny, K.; Aberle, J.H.
Bivalent COVID-19 mRNA booster vaccination (BA.1 or BA.4/BA.5) increases neutralization of matched Omicron variants. NPJ
Vaccines 2023, 8, 110. [CrossRef] [PubMed]

61. Carreño, J.M.; Singh, G.; Simon, V.; Krammer, F.; PVI Study Group. Bivalent COVID-19 booster vaccines and the absence of
BA.5-specific antibodies. Lancet Microbe 2023, 4, e569. [CrossRef]

62. Gupta, S.L.; Jaiswal, R.K. An Assessment of the Bivalent Vaccine as a Second Booster for COVID-19. Vaccines 2022, 11, 79.
[CrossRef]

https://doi.org/10.1172/jci.insight.142362
https://doi.org/10.1016/S1473-3099(21)00460-6
https://www.ncbi.nlm.nih.gov/pubmed/34480857
https://doi.org/10.1016/S0140-6736(21)00675-9
https://www.ncbi.nlm.nih.gov/pubmed/33844963
https://doi.org/10.1001/jamanetworkopen.2023.14757
https://www.ncbi.nlm.nih.gov/pubmed/37219906
https://doi.org/10.1016/j.vaccine.2021.12.006
https://www.ncbi.nlm.nih.gov/pubmed/34933765
https://doi.org/10.3390/vaccines10091548
https://www.ncbi.nlm.nih.gov/pubmed/36146626
https://doi.org/10.1016/j.vaccine.2021.05.063
https://doi.org/10.1126/science.abm3425
https://doi.org/10.1056/NEJMoa2114255
https://doi.org/10.1056/NEJMc2104849
https://doi.org/10.1097/TP.0000000000003907
https://doi.org/10.1002/mco2.307
https://doi.org/10.2196/35311
https://doi.org/10.1016/j.vaccine.2023.02.038
https://doi.org/10.1101/2021.08.06.21261721
https://doi.org/10.1001/jama.2021.15125
https://doi.org/10.1001/jamanetworkopen.2021.23622
https://doi.org/10.1503/cmaj.221335
https://doi.org/10.1001/jamanetworkopen.2022.23090
https://doi.org/10.3389/fimmu.2022.1031852
https://www.ncbi.nlm.nih.gov/pubmed/36451833
https://doi.org/10.1038/s41541-023-00708-9
https://www.ncbi.nlm.nih.gov/pubmed/37542025
https://doi.org/10.1016/S2666-5247(23)00118-0
https://doi.org/10.3390/vaccines11010079


Vaccines 2024, 12, 36 21 of 21

63. Hoffmann, M.; Behrens, G.M.N.; Arora, P.; Kempf, A.; Nehlmeier, I.; Cossmann, A.; Manthey, L.; Dopfer-Jablonka, A.; Pöhlmann,
S. Effect of hybrid immunity and bivalent booster vaccination on omicron sublineage neutralisation. Lancet Infect. Dis. 2023, 23,
25–28. [CrossRef]

64. Auvigne, V.; Tamandjou Tchuem, C.R.; Schaeffer, J.; Vaux, S.; Parent Du Chatelet, I. Protection against symptomatic SARS-CoV-2
infection conferred by the Pfizer-BioNTech Original/BA.4-5 bivalent vaccine compared to the mRNA Original monovalent
vaccines—A matched cohort study in France. Vaccine 2023, 41, 5490–5493. [CrossRef]

65. Link-Gelles, R.; Ciesla, A.A.; Fleming-Dutra, K.E.; Smith, Z.R.; Britton, A.; Wiegand, R.E.; Miller, J.D.; Accorsi, E.K.; Schrag,
S.J.; Verani, J.R.; et al. Effectiveness of Bivalent mRNA Vaccines in Preventing Symptomatic SARS-CoV-2 Infection—Increasing
Community Access to Testing Program, United States, September-November 2022. MMWR Morb. Mortal. Wkly. Rep. 2022, 71,
1526–1530. [CrossRef]

66. Mateo-Urdiales, A.; Sacco, C.; Fotakis, E.A.; Del Manso, M.; Bella, A.; Riccardo, F.; Bressi, M.; Rota, M.C.; Petrone, D.; Siddu, A.;
et al. Relative effectiveness of monovalent and bivalent mRNA boosters in preventing severe COVID-19 due to omicron BA.5
infection up to 4 months post-administration in people aged 60 years or older in Italy: A retrospective matched cohort study.
Lancet Infect. Dis. 2023, 23, 1349–1359. [CrossRef]

67. Uraki, R.; Ito, M.; Kiso, M.; Yamayoshi, S.; Iwatsuki-Horimoto, K.; Furusawa, Y.; Sakai-Tagawa, Y.; Imai, M.; Koga, M.; Yamamoto,
S.; et al. Antiviral and bivalent vaccine efficacy against an omicron XBB.1.5 isolate. Lancet Infect. Dis. 2023, 23, 402–403. [CrossRef]

68. Vasin, A.V.; Stukova, M.A. Bivalent omicron (BA.1) booster vaccination against SARS-CoV-2. Lancet Infect. Dis. 2023, 23, 880–881.
[CrossRef] [PubMed]

69. Altarawneh, H.N.; Chemaitelly, H.; Ayoub, H.H.; Tang, P.; Hasan, M.R.; Yassine, H.M.; Al-Khatib, H.A.; Smatti, M.K.; Coyle, P.;
Al-Kanaani, Z.; et al. Effect of prior infection, vaccination, and hybrid immunity against symptomatic BA.1 and BA.2 Omicron
infections and severe COVID-19 in Qatar. medRxiv 2022. [CrossRef]

70. Cerqueira-Silva, T.; de Araujo Oliveira, V.; Paixao, E.S.; Florentino, P.T.V.; Penna, G.O.; Pearce, N.; Werneck, G.L.; Barreto, M.L.;
Boaventura, V.S.; Barral-Netto, M. Vaccination plus previous infection: Protection during the omicron wave in Brazil. Lancet Infect.
Dis. 2022, 22, 945–946. [CrossRef] [PubMed]

71. Suarez Castillo, M.; Khaoua, H.; Courtejoie, N. Vaccine-induced and naturally-acquired protection against Omicron and Delta
symptomatic infection and severe COVID-19 outcomes, France, December 2021 to January 2022. Euro Surveill. 2022, 27, 2200250.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S1473-3099(22)00792-7
https://doi.org/10.1016/j.vaccine.2023.07.071
https://doi.org/10.15585/mmwr.mm7148e1
https://doi.org/10.1016/S1473-3099(23)00374-2
https://doi.org/10.1016/S1473-3099(23)00070-1
https://doi.org/10.1016/S1473-3099(23)00189-5
https://www.ncbi.nlm.nih.gov/pubmed/37088097
https://doi.org/10.1101/2022.03.22.22272745
https://doi.org/10.1016/S1473-3099(22)00288-2
https://www.ncbi.nlm.nih.gov/pubmed/35588753
https://doi.org/10.2807/1560-7917.ES.2022.27.16.2200250
https://www.ncbi.nlm.nih.gov/pubmed/35451363

	Introduction 
	Methods and Materials 
	Recruitment 
	Inclusion Criteria 
	Consent 
	Study Population 
	Outcome of Breakthrough Infection 
	Exposures 
	Demographic Characteristics and Questionnaires 
	Bivalent Vaccination 
	Sample Collection for Antibody Testing 
	Serological Assays, Interpretation and Recording 
	Statistical Analysis 
	Data Access 

	Results 
	Discussion 
	Conclusions 
	References

